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We argue that surface plasmons in moire´ graphene feature an interesting regime in which Landau
damping (dissipation via electron-hole pair excitation) is completely quenched. This surprising
behavior is made possible by strong coupling in narrow-band systems, characterized by large values
of the “fine structure” constant α = e2/~κvF. Dissipation quenching occurs when dispersing plasmon
modes rise above the particle-hole continuum, extending into the forbidden energy gap which is
completely free of particle-hole excitations. The effect is predicted to be prominent in magic twist
angle moire´ graphene, where flat bands feature α  1. The absence of Landau damping enhances
optical coherence, leading to speckle-like interference and other striking signatures in moire´ graphene
plasmonics that are directly accessible in ongoing near-field imaging experiments.
Landau damping, a process by which collective mode
decays into electron-hole pairs, is often regarded as an
inherent attribute of graphene plasmon excitations[1–5].
Here we predict extinction of this dissipation mechanism
in materials with narrow electron bands such as twisted
bilayer graphene (TBG)[6–10]. Intrinsically undamped
plasmons in narrow-band materials arise due to large
fine structure parameter values α = e2/~κvF: strong in-
teractions push plasmon dispersion into the energy gap
above the particle-hole (p-h) continuum, as illustrated
in Fig.1. As discussed below, in this region plasmons
are decoupled from particle-hole pair excitations. Dis-
sipation quenching, which is a surprising manifestation
of strong interactions, is a robust effect that is insen-
sitive to temperature and disorder (see Fig.1b,c,d and
Fig.2). Collective charge modes which are damping-free
are of keen interest for Quantum Information Science as a
vehicle to realize dissipationless photon-matter coupling,
high-Q resonators, single-photon phase shifters and other
missing components for photon-based Quantum Informa-
tion Processing toolbox[11]. While extinction of Landau
damping is a completely general effect, present in all nar-
row electron bands, our analysis will focus on TBG flat
bands, a system of high current interest[12–16] in which
undamped plasmons can be directly probed.
The new behavior is illustrated in Fig.1, showing plas-
mon mode for a narrow-band model that mimics the key
features of the TBG band as described below. Mode dis-
persion (red line) is conventional at energies less than
the bandwidth, ω . W . At lowest energies, plasmon
mode is positioned outside the p-h continuum; this sup-
presses the T = 0 Landau damping, but does not pro-
tect the mode from decaying into p-h excitations through
disorder scattering or from the conventional T > 0 Lan-
dau damping[1, 2, 17–21]. At higher energies, ω ∼ 2EF
(marked by arrow in Fig.1), the mode plunges into p-h
continuum and is Landau-damped at 2EF . ω . 2W
even at T = 0. However, a dramatic change occurs once
the mode rises above the p-h continuum. In the forbid-
den gap region, ω > 2W , it becomes damping-free, since
at these energies there are no free e-h pairs into which
plasmon could decay. This behavior is manifest in the
Intrinsically
undamped plasmons
0.5 0.55 0.6
0
40
80
120
160 T grows
a)
b) c)
W
Particle-hole
continuum
0 0.05 0.1
0
2
4
6
8
10
T grows
Wavenumber Wavenumber 
-10
-5
0
5
-1
0
1
d)
200
100
-200
-100
0
y 
(n
m
)
2001000-100-200
2EF
2W
x (nm)
2q0
FIG. 1. (a) Electron loss function Im (−1/ε(ω, q)) for a
narrow-band toy model, (10). Parameter values are cho-
sen to mimic TBG bands (bandwidth W = 3.75 meV, lat-
tice period LM = 13.4 nm, Fermi energy in the conduction
band at EF ≈ 1.81 meV); log scale is used to clarify the
relation between different features. Arrows mark the inter-
band p-h continuum edges. Plasmon dispersion (red line)
is fitted with ωp(q) =
√
βqq, (1) (dashed line). The dif-
ference between Landau-damped (b) and undamped behav-
ior (c) is illustrated by linecuts of plasmon resonances at
the locations marked in panel (a), taken at temperatures
T/EF = 0, 0.075, 0.1, 0.2, 0.3, 0.4. Resonances broaden with
T in (b) and are T -independent in (c) [the residual reso-
nance width models extrinsic damping due to phonons and
disorder[24–27]]. Resonances at the three lowest T values
in (c) are slightly offset for clarity. (d) Speckle pattern in
scanning near-field microscopy signal[4, 5] S(r), (3), due to
undamped plasmons; optical coherence is manifest in Fourier
spectrum |Sk|2 (inset). Results shown are for plasmon mo-
mentum q0 = qM/2 ≈ 0.14 nm−1, where qM is the distance
between points M and Γ, and disorder modeled as 40 ran-
domly placed delta functions.
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2T dependence of the resonances, which are washed out
with increasing temperature at ω .W but remain sharp
at ω > W even at T ∼ EF (Fig.1 panels b and c).
As we will see, mode dispersion has a square-root form
characteristic of two-dimensional (2D) plasmons,[22, 23]
ωp(q) =
√
βqq, (1)
with a weak q dependence in βq, see (14). This expres-
sion, however, is valid not just at low energies 0 < ω .W
but also at higher energies, ω  W , where the mode is
undamped. While the dispersion in (1) is of the con-
ventional 2D plasmon form, we emphasize that here it
takes on a new role, as it describes the plasmon mode
at frequencies much higher than the carrier bandwidth,
extending to
ωp ∼
√
αW W, α ∼ 20− 30, (2)
where we use typical α values for flat bands in magic-
angle moire´ graphene. Another difference from conven-
tional plasmons is that the dispersion in (1) is not lim-
ited to long wavelengths. Indeed, as illustrated Fig.1a,
it extends to wavenumbers which are on the order of the
superlattice Brillouin zone width.
Furthermore, the wavelengths of the undamped plas-
mons are only 2-3 times greater than the moire´ superlat-
tice period. Such short wavelengths are of great inter-
est for plasmonics and are within resolution of the state-
of-the-art scanning near-field microscopy techniques[4, 5]
[currently as good as 10nm [29, 30]]. In addition to mea-
suring plasmon dispersion, these techniques can be used
to directly visualize the qualitative change in the damp-
ing character and strength. Enhanced optical coherence
will manifest itself in striking speckle-like interference, as
illustrated in Fig.1 panel d) and Fig.2.
Indeed, because of the absence of Landau damping at
the energies of interest, ω > W , and also because these
energies are smaller than carbon optical phonon energies,
the dominant dissipation mechanism will be elastic scat-
tering by disorder. At low energies, where plasmon mode
coexists with p-h continuum, disorder scattering mostly
assists Landau damping, allowing plasmons to decay into
p-h pairs by passing some of their momentum to the
lattice. However, at the energies above p-h continuum,
ω > W , where decay into e-h pairs is quenched, disor-
der will lead to predominantly elastic scattering among
plasmon excitations. Such scattering preserves optical
coherence and is expected to produce speckle patterns in
spatial near-field images, as illustrated in Fig.1d.
To model this behavior we consider the signal S(r),
excited by the scanning tip and measured at the same
location. Monochromatic plasmon excitation at energy E
is scattered by impurities or defects, and, upon returning
to the tip, produces signal
S(r) = J0
∫
d2r′GE(r − r′)η(r′)GE(r′ − r), (3)
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FIG. 2. (a,b,c,d) Speckle patterns arising due to optical coher-
ence of undamped plasmons in scanning near-field microscopy
signal S(r), (3), at different values of incoherent damping δ.
The insets show the corresponding square of the speckle pat-
tern’s Fourier transform amplitude |Sk|2. In all panels, for
clarity of comparison, we set the plasmon momentum as in
Fig.1d q0 = qM/2 ≈ 0.14 nm−1 and vary only the ratio δ/q0.
The disorder is taken as 40 randomly placed delta functions.
where η(r) is the disorder potential, J0 is excitation am-
plitude, and GE(r) is the Green’s function of the plas-
mon excitation (see supplemental information). The spa-
tial signal, Fig.1d, exhibits a characteristic speckle pat-
tern familiar from laser physics. In graphene plasmon-
ics, speckle-like interference provides a direct manifesta-
tion of optical coherence enhancement in the absence of
Landau damping. Accordingly, the Fourier transform of
the image, Sk =
∫
d2rS(r)e−ikr, yields power spectrum
|Sk|2 that features a ring-like structure; the ring of radius
k = 2q0, where q0 is the plasmon excitation wavenumber
(see Fig.1d inset). Simple calculation, described in sup-
plemental information, predicts a sharp peak at the ring:
|Sk|2 ∼ |ηk|
2
|k2 − 4(q0 − iδ)2| , (4)
where δ is a parameter characterizing extrinsic damping
due to phonon scattering and other inelastic processes.
In the fully coherent regime (δ = 0) the quantity |Sk|2
exhibits a power law singularity at the ring, k = 2q0. As
the amount of incoherent scattering increases, the peak
is gradually washed out. This behavior is illustrated in
Fig.2.
We note that recent work [15] analyzed interband plas-
mon excitations in TBG dominated by polarization of the
bands above the flat band, which are distinct from the
flat-band plasmons analyzed here. Recent experiment[16]
3reported observation of plasmons in TBG, however their
appeal for constructing intrinsically protected collective
modes remained unnoticed in graphene literature. Also,
plasmons in narrow bands were analyzed in the context
of high-Tc superconductivity[28], finding that plasmon
mode can rise above the flat band. However, in cuprates,
unlike moire´ graphene, the narrow band is not separated
from higher bands by a forbidden energy gap, and thus
the modes such as those studied in Ref.[28] will plunge
into a higher band before acquiring an undamped char-
acter. Our prediction of the intrinsically undamped plas-
mons in TBG and their potential subsequent observation
therefore constitute an uncharted territory.
Next, we present analysis of the hexagonal-lattice
toy model that mimics the key features of Landau-
damped and intrinsically undamped modes in TBG. The
hexagonal-lattice tight binding model possesses the same
symmetry and the same number of sub-bands as the flat
band in TBG. We match the energy and length scales by
choosing the width of a single band W and the hexago-
nal lattice period LM identical to the parameters in TBG:
W = 3.75 meV and LM = a/2 sin(θ/2) is the moire´ su-
perlattice periodicity. For the magic angle value θ = 1.05,
using carbon spacing a = 0.246 nm, this gives LM = 13.4
nm. To ensure that a unit cell of the toy model accom-
modates 4 electrons just as the moire´ cell does in TBG,
we make the toy model fourfold degenerate. Comparison
to plasmons for the actual TBG model, presented below,
will help us to identify the features which are general, as
well as those which are a specific property of TBG.
Our nearest-neighbor tight-binding Hamiltonian is
Htoy =
(
0 hk
h∗k 0
)
, hk =
W
3
∑
ej
eik·ej , (5)
with the hopping matrix element W/3 to nearest neigh-
bors at positions ei = (cos(2pij/3), sin(2pij/3))LM/
√
3,
j = 0, 1, 2. Here W is the bandwidth measured from
Dirac point and the nearest neighbor distance LM/
√
3
is chosen such that the lattice period of the hexagonal
toy model matches the moire´ superlattice period. Corre-
sponding energies Es,k and eigenstates Ψs,k are then
Es,k = s|hk|, Ψs,k = 1√
2
(
seiϕk
1
)
, (6)
where ϕk = arg hk and the band index s = ± labels the
conduction and valence band.
Plasmons can be obtained from the nodes of the com-
plex dielectric function, describing the dynamical re-
sponse of a material to an outside electric perturbation,
ε(ω, q) = 1− VqΠ(ω, q). (7)
Here Vq = 2pie
2/κq is the Coulomb interaction in a
medium with a background dielectric constant κ and
Π(ω, q) is the electron polarization function. Within the
random phase approximation, this quantity is given by
Π(ω, q) = 4
∑
k,s,s′
(fs,k+q − fs′,k)F ss′k+q,k
Es,k+q − Es′,k − ω − i0 . (8)
Here summation
∑
k denotes integration over the Bril-
louin zone (BZ), the indices s, s′ run over the electron
bands and the factor of 4 in front of the summation ac-
counts for the fourfold degeneracy of the toy model. Here
fs,k is the equilibrium distribution 1/(e
β(Es,k−EF) + 1),
and F ss
′
k+q,k describes band coherence factors. For our toy
model
F ss
′
k+q,k = |〈Ψs,k+q|Ψs′,k〉|2 =
1 + ss′ cos(ϕk+q − ϕk)
2
,
(9)
where Ψs,k are pseudospinors given in (6).
As we now show, an analytic expression for plasmon
dispersion can be obtained, describing both the Landau-
damped and the undamped cases in a unified way. We
first rewrite (8) by performing a standard replacement
k + q → −k in the term containing fs,k+q followed by
−k − q,−k → k + q,k justified by the k → −k time-
reversal symmetry. This gives
Π(ω, q) = 8
∑
k,s,s′
fs′,k
F ss
′
k,k+q(Es′,k − Es,k+q)
(Es,k+q − Es′,k)2 − (ω + i0+)2 .
(10)
The behavior of this expression at small q, which will be
of interest for us, can be found in a closed form. In the
small-q limit the coherence factors behave as
F s=s
′
k+q,k ≈ 1, F s=−s
′
k+q,k ≈
1
4
(q · ∇kϕk)2 (11)
The values O(1) for intraband transitions and O(q2) for
interband transitions might suggest that the polarization
function is dominated by the intraband transitions. How-
ever, as we now show, the interband and intraband con-
tributions are of the same order of magnitude.
Indeed, the intraband contributions, s = s′,
can be rewritten by noting that upon integra-
tion over k only the even-k part of series ex-
pansion Es,k+q − Es,k survives, giving Π1(ω, q) ≈
4
ω2
∑
k,s fs,k (Es,k+q + Es,k−q − 2Es,k). Expanding in
small q, we have
Π1(ω, q) ≈ 4
ω2
∑
k,s
fs,k(q · ∇k)2Es,k (12)
As a sanity check, for parabolic band Ek = k
2/2m
this yields the familiar “classical acceleration” result
Π(ω, q) = nq
2
ω2m .
4The interband contributions, s = −s′, can be simpli-
fied by noting that Es,k+q ≈ −Es′,k, giving
Π2(ω, q) ≈ 4
∑
k,s
fs,k
Es,k (q · ∇kϕk)2
4E2s,k − (ω + i0)2
. (13)
As a sanity check, at T = 0 the imaginary part of
Π2, describing interband transitions, is nonzero only for
2EF < ω < 2W , as expected. The real part of Π2 is nega-
tive at small ω and positive at large ω because the valence
band contribution dominates over that of the conduction
band.
Plasmon dispersion ωp is given by the solution of the
equation ε(ω, q) = 0 with Π = Π1 + Π2. Comparing the
ω dependence of Π1 and Π2, we see that at small frequen-
cies, ω < 2EF, the intraband contribution Π1 dominates.
This gives the dispersion in (1) with
βq = β0 + β1q +O(q
2) (14)
where the leading term β0 = 4αvFEF/~ originates from
Π1 (see supplemental information) and the subleading q-
dependent contribution is due to Π2. Negative sign of
Π2 translates into β1 < 0, softening the dispersion at
low frequencies. This behavior, which holds the limit
ω < 2EF, agrees with Refs.[1, 2, 22].
In the same manner we can obtain the dispersion at
high frequencies, ω > 2W (the intrinsically undamped
regime). The analysis is again simplified by noting that,
since α = e2/~κvF  1, the relevant values of q are small
compared to the Brillouin zone size, and thus the small-q
limit considered above is sufficient to describe this new
behavior. Taking both the intraband and interband con-
tributions in the asymptotic form Π1 = λ1q
2/ω2, Π2 =
λ2q
2/ω2 where λ1 ≈ 2EF/~2pi, λ2 ≈ 2(W − EF)/~2pi
(see supplemental information), yields (1) with β =
2pie2
κ (λ1 + λ2). The first term is identical to β0 found
at low frequencies, the second term is of a positive sign,
λ2 > 0, describing hardening of the plasmon dispersion
due to interband transitions.
In the undamped regime, plasmon frequency peaks
at q values on the order of Brillouin zone scale. The
peak value of ωp, given in (2), can be found by es-
timating the energy differences Es,k+q − Es′,k in (10)
as W and noting that the coherence band factor for
large q is in general non-vanishing and of order 1. This
gives for the practically interesting case of EF ∼ W
the result ωp ∼
√
αW , which agrees with the dispersion
ωp =
√
βq = 2
√
αvFWq/~ provided that ~vFq saturates
at W . Indeed the estimated values of β0, β as compared
to the fitted curve in Fig.1a (see supplemental informa-
tion) indicate that ωp =
√
βqq relation from (1) is a good
approximation for the plasmon dispersion at both small
and large q.
The dielectric function of the two-band toy model
faithfully reproduces all of the qualitative features ex-
pected for the TBG bandstructure. However, we find
that, despite matching the bandwidth W and lattice pe-
riod to those of TBG, the resulting plasmon dispersion
extends to much higher energies then those that will be
found below for the actual TBG bandstructure. This is
simply because the two-band model does not account for
the effects of interband polarization of higher electron
bands, which renormalize the dielectric constant down
and soften the plasmon dispersion. We account for this
in the toy model case by rescaling the effective fine struc-
ture constant such that the resulting plasmon dispersion
is comparable in magnitude to the TBG result. Specif-
ically in the Fig. 1a we use an effective background di-
electric constant κ = 12.12, which is four times larger
than the dielectric constant κ = 3.03 corresponding to
an air/TBG/hBN heterostructure.
Next, we turn to the analysis of plasmons in TBG flat
bands at an experimentally relevant magic angle value
θ = 1.05◦[12–14]. To accurately describe the TBG band-
structure and eigenstates we employ the effective contin-
uum Hamiltonian HTBG introduced in Ref.[31]. The full
discussion of the bandstructure details can be found in
the supplemental material; here we only discuss two rele-
vant energy scales: flat-band bandwidth W , and the gap
∆ between the flat-bands and the rest of the bandstruc-
ture. With regard to W value we note that, technically,
the bandwidth of the flat-bands, as predicted by the con-
tinuum mode HTBG, is on the order of W ≈ 3.75 meV.
However, the effective bandwidth relevant for the inter-
band and intraband excitations is expected to be closer
to W ≈ 2meV. This is because a vast majority of the
bandstructure lies below 2meV scale. Furthermore, the
states with energies outside −2 meV < E < 2 meV are
small-k and, therefore, their contributions to polarization
function, (13), (12), evaluated at small q are strongly
suppressed. Similarly the bandgap as predicted by the
continuum model is ∆ ≈ 11.75 meV, but the actual gap
is still a subject of debate[32].
The definition of the polarization function for the TBG
continuum model is identical to the one of the tight bind-
ing toy model, (8), with exception of requiring the valley
and spin degrees of freedom to be accounted for explicitly,
a larger number of electron bands and different coherence
factors. The first two issues are resolved by promoting
the band indices s, s′ in (8) to composite labels n,m,
which range over all electron bands, spins σ and valleys
ξ making the additional factor of 4 in front of (8) unnec-
essary. Instead of the toy model coherence factors we use
the TBG coherence band factors Fnmk+q,k, which are given
by
Fnmk+q,k =
∣∣∣∣∫
Ω
d2rΨ†n,k+q(r)e
iq·rΨm,k(r)
∣∣∣∣2 , (15)
where Ψn,k(r) are the Bloch wavefunctions for momen-
tum k and band/valley/spin composite label n, which
diagonalize the continuum Hamiltonian (see supplemen-
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FIG. 3. Electron loss function Im (−1/ε(ω, q)) for TBG band-
structure. The Fermi energy value EF = 0.289meV cor-
responds to electron band half-filling; and set the average
background dielectric constant is κ = 3.03 (typical of an
air/TBG/hBN heterostructure). Log scale is used to clarify
the relation between different features. Arrows mark the ap-
proximate interband p-h continuum edges, obtained for the
estimate of W ≈ 2 meV as the relevant energy scale (see
text). Plasmon dispersion (red line) at small q is fitted with
ωp(q) =
√
βqq, (1) (dashed line), demonstrating a significant
deviation from the typical 2D plasmon dispersion at large
q. In the calculation we used both flat-bands and the next
conduction/valence non-flat bands, and verified that higher
bands do not alter the quantitative and qualitative behavior.
tal materials). The integral in (15) is carried over the
moire´ unit cell Ω.
Once the polarization function is evaluated, we can de-
termine the dielectric function and identify TBG’s collec-
tive modes from poles of 1/ε(ω, q), as above. An exam-
ple of a TBG’s dielectric function at approximately half-
filling of the electron band, EF = 0.289 meV, is shown in
Fig.3. In discussing the figure it is helpful to contrast it
with the calculation for the hexagonal-lattice toy model
shown in Fig.1a. We again see a well defined intrinsi-
cally undamped plasmon mode ωp (red) positioned above
the p-h continuum; the mode resides inside the band gap
2W < ωp < W+∆, which peaks at ~ωp ≈ 8.5 meV before
decreasing and becoming almost flat ~ωp ≈ 6.5 meV at
large momenta. In agreement with the analytic consider-
ations above, we see the interband continuum extending
from 2EF to 2W , but since EF = 0.289 meV is extremely
small it makes the conventional (Landau-damped) part
of plasmon dispersion ω < 2EF invisible on the figure.
There are several unique aspects of the TBG plas-
mon dispersion, as compared to the behavior of generic
narrow-band plasmons discussed above. To analyze the
dispersion at ωp > 2W , we proceed just as in the toy
model case, rewriting the TBG polarization function in
a slightly different form of (10), where the indices n,m
and the band coherence factor are modified as described
above.
However, unlike the two-band toy model case, to pro-
ceed further analytically we need to split the summation
over TBG bands in (10) into two general types of terms:
pairs of indices n,m such that (on average) we expect
ω2 > (Em,k+q−En,k)2 to hold, and pairs of indices n,m
where the opposite ω2 < (Em,k+q − En,k)2 is true. To
leading order in ω we can therefore rewrite the dielectric
function as
ε(ω, q) ≈ 1 +A(q)− B(q)
ω2
, (16)
where we defined two auxiliary functions:
A(q) =
8pie2
κq
∑′
k,n,m
fm,k
Fnmk+q,k
En,k+q − Em,k (17)
and
B(q) =
8pie2
κq
∑′′
k,n,m
fm,kF
nm
k+q,k(En,k+q − Em,k). (18)
Here the band summations
∑′
and
∑′′
run over bands
such that ω2 > (En,k+q − Em,k)2 and ω2 < (En,k+q −
Em,k)
2, respectively. E.g. at large momenta, as seen in
Fig.3, the plasmon mode lies in the gap between the flat
and non-flat bands and hence the B(q) summation ex-
tends only over the flat bands, whereas the summation in
A(q) includes all of the remaining combinations of band
indices. This allows us to write a closed form expression
for the plasmon dispersion as
ω2p ≈
B(q)
1 +A(q)
, (19)
which must hold for both small and large q. We consider
these two limits separately.
At small q the matrix element of the Bloch wavefunc-
tions, just as in the toy model case, favours the overlap
between states from the same band. At the same time
there are fewer states in the A(q) satisfying the condition
ω2 > (En,k+q−En,k)2 and hence A(q) vanishes for small
q. This amounts to the plasmon dispersion ωp from (19)
reducing to ω2p ≈ B(q) and, by comparison with (12), we
similarly expect a conventional 2D plasmon dispersion
ωp =
√
βqq with βq given by the series from (14). As
we see in Fig.3, the ωp =
√
βqq dispersion is a valid de-
scription only at very small q, as compared to the Fig.1a,
which can be traced back to higher bands softening the
plasmon dispersion through the A(q) term in (19).
To determine how high the plasmon mode rises above
the p-h continuum, we consider large q values compara-
ble to the reciprocal lattice vector. The arguments sim-
ilar to those in the toy model show that, since α  1,
we have A(q)  1. The dependence on the e2/κq ra-
tio therefore cancels between the A(q) and B(q) func-
tions resulting in the value of the plasmon dispersion
~ωp ≈
√
B(q)/A(q) ∼ √W∆ ≈ 6.6 meV being dictated
only by the continuum model’s bandstructure parame-
ters. This lack of explicit dependence on α suggests that,
once the doping is such that α  1, the large-q value of
6~ωp ≈
√
W∆ becomes insensitive to doping (and hence
Fermi velocity). This behavior is different than that in
the toy model where ωp ∼
√
αW at large q. The rela-
tively more week dependence on α in the TBG case is due
to interband polarization involving higher bands, which
significantly alters the effective dielectric constant. The
weak q dependence at large q is in agreement with the
properties of interband plasmons described in Ref.[15].
Before closing, we note that suppressing damping has
always been central to the quest for tightly-confined low-
loss surface plasmon excitations. An early approach
utilized surface EM modes traveling at the edge of an
air/metal boundary[33], in which dissipation is low be-
cause most of the EM field resides outside the metal,
however the field confinement scale is on the order of
optical wavelength. Next came surface plasmons prop-
agating in high-mobility 2D GaAs-based electron gases
and graphene-hBN heterostructures[27], which can pro-
vide deep-subwavelength confinement[3]. However, plas-
mons in these systems are prone to a variety of dissipation
mechanisms, with Landau damping usually regarded as
the one that sets the fundamental limit on possible plas-
mon wavelengths and corresponding lifetimes. The possi-
bility to overcome this fundamental limitation in narrow
band systems such as moire´ graphene, discussed above,
opens a new line of investigation in graphene plasmon-
ics. Damping-free plasmons can enable novel interference
phenomena, dissipationless photon-matter coupling, and
other interesting behaviors. It is also widely expected
that low-dissipation plasmons can lead to unique applica-
tions for photon-based Quantum Information Processing
[11]. Furthermore, reduced damping has more immedi-
ate consequences, as it translates into enhanced optical
coherence that can be directly probed by scanning near-
field microscopy, as discussed above, providing a clear
signature of the intrinsically undamped collective modes.
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SUPPLEMENTAL INFORMATION
SPATIAL SPECKLE PATTERNS IN NEAR-FIELD
OPTICAL MICROSCOPY
In this section we provide the analysis connecting (3)
and the speckle patterns shown in Fig.1d and Fig.2a-
d. For an in-depth discussion of the near-field opti-
cal microscopy measurement technique and quantitative
modeling of the detected signal we refer the reader to
Refs.[4, 5, 27].
As argued in the main text, we can estimate the
strength of the measured signal in the near-field opi-
cal microscopy by evaluating the equal-point correlation
function (3), which here we restate for convenience:
S(r) = J0
∫
d2r′GE(r − r′)η(r′)GE(r′ − r). (S.1)
It describes an amplitude of plasmon excitation, which
traveled from the tip at position r to a disorder at po-
sition r′ and was then reflected back towards the tip at
r. Here the Green’s function GE(r) of the plasmon ex-
citation of wavenumber q0 is taken in the limit rq0  1
as
GE(r) ≈ e
iq0|r|√
2pi|r|e
−δ|r|, (S.2)
which describes radially propagating waves. The factor
e−δ|r| describes damping due to phonons and other in-
elastic processes. Upon substitution of the Green’s func-
tion into (S.1), the measured signal S(r) is given by
S(r) = J0
∫
d2r′η(r′)
ei2q0|r−r
′|e−2δ|r−r
′|
2pi|r − r′| . (S.3)
This expression, which is a convolution of two functions,
will generate a product under Fourier transform.
For purposes of Fig.1d and Fig.2a-d we evaluate the
above convolution numerically by using the convolution
theorem. That is, we first perform a fast Fourier trans-
form of both terms individually, multiply them together
and then carry out an inverse transform. The ring-like
distribution of spectral weight in k space, shown in the
insets of the Fig.1d and Fig.2a-d, is the intermediate step
of this process. An analytic experession for this quantity
can be determined by evaluating the Fourier transform
of the signal S(r)
Sk =
∫
d2re−ik·rS(r). (S.4)
As expected by the convolution theorem the expression
factorizes into two separate integrals
Sk =
∫
d2r′η(r′)e−ik·r
′
∫
d2r
e−ik·r+i2q0|r|e−2δ|r|
2pi|r| ,
(S.5)
where the first integral is nothing but the Fourier har-
monic of η(x) and in the second integral we performed a
variable change r−r′ → r. To evaluate the integral over
d2r we first integrate over |r| and then perform angular
integration using the identity∫ 2pi
0
dθ
1
a+ b cos θ
=
2pi√
a2 − b2 . (S.6)
After plugging a = k, b = 2k0 + 2δi this gives (4) of the
main text.
8BEHAVIOR OF THE INTRABAND AND
INTERBAND POLARIZATION FUNCTIONS
Π1(ω, q) AND Π2(ω, q).
Here we estimate λ1 and λ2 coefficients discussed in
the main text for the toy model. Let us start with the
λ2 coefficient corresponding to the intraband transitions.
In the small q the interband coherence factor from (9)
is non-zero only in proximity of the K and K ′ points.
Near these points a linear dispersion Es,k = svFk is a
good approximation of the actual bandstructure. In that
limit, the small q interband coherence band factor from
(11) becomes
F s=−s
′
k+q,k ≈
1
4
(q · ∇kϕk)2 ≈ 1
4
q2
k2
sin2 θ, (S.7)
where θ is the angle between k and q. Consequently the
Π2(ω, q) is given by:
Π2(ω, q) = −8q
2
ω2
∑
k,s
fs,ksvFk
sin2 θ
k2
(S.8)
In the above we used the linear dispersion approximation
Es,k = svFk for the whole band and accounted for the
K and K ′ points through an additional factor of 2. This
gives
Π2(ω, q) ≈ −2EF
pi
q2
ω2
+
2W
pi
q2
ω2
=
2
pi
(W − EF) q
2
ω2
(S.9)
with the first term originating from the conduction band
and the second term from the valence band contribution.
This results in
λ2 = 2(W − EF)/pi. (S.10)
We now proceed to estimate the λ1. Let us place the
Fermi energy in the conduction band, which immediately
implies that the interband contribution to the polariza-
tion function is non-vanishing only in the conduction
band. To see this, let us go back to the (10), which
for s = s′ = −1 and small q is
Π1(ω, q) ≈ − 8
ω2
∑
k
f−1,k(E−1,k − E−1,k+q) (S.11)
= − 8
ω2
∑
k
(E−1,k − E−1,k+q) = 0 (S.12)
since f−1,k = 1 for all k in the valence band. It is there-
fore sufficient to just focus on the partially filled band.
To be consistent with the λ2 estimation we replace the
dispersion energy as E1,k = vFk. The intraband contri-
bution to the polarization function Π1(ω, q) is then
Π1(ω, q) ≈ 8q
2
ω2
∑
k
f1,kvF
sin2 θ
k
=
2
pi
EF
q2
ω2
(S.13)
giving
λ1 = 2EF/pi. (S.14)
As argued in the paragraph with (14), the above result is
exactly the same in the ω < 2EF regime and, therefore,
β0 = 4αvFEF. (S.15)
Going back to the ω > 2EF limit and using λ1, λ2
derived above gives a plasmon dispersion ωp =
√
βq with
β =
2pie2
κ
(λ1 + λ2) = 4αvFW (S.16)
We thus see that at small ω < 2EF the plasmon dis-
persion goes as ωp = 2
√
αvFEFq and hardens at high
energies ω > 2W , ωp = 2
√
αvFWq by a factor
√
W/EF.
The last energy region missing from the above analy-
sis of the plasmon dispersion is that of the interband p-h
continuum, 2EF < ω < 2W . Working again in the small
q limit, we find the As pointed out earlier, only the inter-
band contribution to the polarization function Π2(ω, q)
develops an imaginary part, whilst the intraband polar-
ization function Π1(ω, q) is simply given by the (S.13).
To determine the form of Π2(ω, q) in the interband p-h
continuum energy range, let us approximate the coher-
ence factor as in (S.7) giving
Π2(ω, q) ≈ 8
∑
k,s
fs,k
svFk
4v2Fk
2 − (ω + i0)2 ×
q2
k2
sin2 θ,
(S.17)
where we used the linear approximation to the energy
dispersion Es,k = svFk for the whole band and again
accounted for the K and K ′ points with an additional
factor of 2. After carrying out the integrations we arrive
at:
Π2(ω, q) ≈ −i2q
2
ω
Θ(ω − 2EF)Θ(ω − 2W ) (S.18)
Here Θ(x) is the Heaviside function guaranteeing that the
imaginary part is non-zero only in the 2EF < ω < 2W re-
gion. The dielectric function in the interband continuum
region is therefore
ε(ω, q) = 1− β0 q
ω2
+ i
β0pi
EF
q
ω
, (S.19)
which shows that the collective mode ωp in the 2EF <
ωp < 2W region
ωp ≈
√
β0q − i piβ0
2EF
q (S.20)
is a
√
β0q dispersing plasmon, which gets rapidly damped
by pair production.
We finish the discussion of the collective modes by com-
paring the analytically predicted dispersion with the nu-
merical result seen in Fig.1a. While the simulated disper-
sion closely follows the square-root dependence ωp ∝ √q,
9the agreement between the simulation and ωp =
√
βqq
dispersion becomes nearly perfect if the two first terms β0
and β1 from the series expansion in (14) are used for a fit-
ting. Although the terms β0 and β1 could in principle be
computed by carrying out an expansion of the polariza-
tion function in (10) in powers of q and then evaluating
the resulting integrals numerically, we instead treat β0
and β1 as free parameters and fit them to the simulated
dispersion. This approach gives
β0 = 0.96× 103 meV2 nm,
β1 = −103 meV2 nm2. (S.21)
The best-fit β0 value is close to β0 = 4αvFEF ≈ 0.86 ×
103 meV2 nm predicted from (S.15). We also see that,
since β1 is negative, the plasmon dispersion is indeed
softened by interband polarization, in agreement with
the argument given in the main text [see (14)].
TWISTED BILAYER GRAPHENE - DETAILS OF
THE MODEL
For description of the TBG’s bandstructure and eigen-
states we employ the effective continuum Hamiltonian
introduced in Ref.[31], together with its associated nota-
tion and numerical values of simulation parameters. The
effective continuum Hamiltonian for one valley ξ = −1, 1
takes the form
H(ξ) =
(
H1 U
†
U H2
)
(S.22)
in the basis of (A1, B1, A2, B2) sites and is spin σ de-
generate. The matrices Hl (l = 1, 2) correspond to the
intralayer Hamiltonian of the layer l and are explicitly
given as
Hl = −~v
a
(
0 e−iξθ/2k−a+ 4pi3
eiξθ/2k+a+
4pi
3 0
)
, (S.23)
where k± = kx± iky and kx,ky are lattice momenta. The
BZ is defined as in the inset of the Fig.3a, with the two
reciprocal lattice vectors being
GM1 = −
2pi√
3LM
(
1√
3
)
, GM2 =
4pi√
3LM
(
1
0
)
, (S.24)
with the moire´ real space lattice constant LM =
a/2 sin(θ/2). Matrix U is the effective interlayer coupling
given by:
U =
(
u u′
u′ u
)
+
(
u u′ν−ξ
u′νξ u
)
eiξG
M
1 ·r+
+
(
u u′νξ
u′ν−ξ u
)
eiξ(G
M
1 +G
M
2 )·r, (S.25)
where ν = ei2pi/3. We take the energy scale as ~v/a =
2.1354 eV and the lattice constant a = 0.246 nm. The
interlayer coupling terms u and u′ are taken as u = 0.0797
eV and u′ = 0.0975 eV. The Bloch wavefunction for a
valley ξ is taken as
ΨXξ,n,k(r) =
∑
G
CXξ,n,k(G)e
i(k+G)·r (S.26)
with X corresponding to each of the spinor components
X = A1, B1, A2, B2. The band index is labelled by n
and k is the Bloch wave vector in the Moire´ Brillouin
zone. Here G runs over all possible integer combinations
of the reciprocal lattice vectors, G = m1G
M
1 + m2G
M
2
with integer m1 and m2. In practice, it is sufficient that
for a given k the integers m1 and m2 in total cover only
around ∼ 60 different combinations of the G1,G2 recip-
rocal lattice wave vectors. This simplification is due to
the cutoff procedure utilized in Ref.[31].
